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Abstract
Oxy-fuel combustion has potential to be an impeccable enhancement of current combustion
techniques. For a hydrocarbon burning with oxygen the resulting exhaust stream is composed
mainly of carbon dioxide and water vapor. This exhaust allows for easier carbon capture and
sequestration since the water can be condensed out. Another advantage is the significant reduction
of NOx since much of the nitrogen found in air-combustion systems is eliminated. These processes
also provide a higher theoretical efficiency which is advantageous. Although beneficial many of
the exhaust gas products radiative characteristics are unknown. Motivated by this, this paper
focuses on the spectral radiation measurement of oxy-syngas and oxy-methane combustion. This
is important for combustion system designers since radiating heat from the flame is the primary
source of the heat flux going into the combustor walls. In this experimental study, spectral radiation
of premixed oxy-syngas and oxy-methane data was collected from 1.2μm to 5μm wavelengths
with varying firing inputs, equivalence ratios, and CO2 recirculation ratios. The study finds that
oxy-fuel combustion flame displays 3 to 5 times stronger spectral intensity than a conventional air
combustion flame. It is also found from this experimental study that spectral intensity increases 10
to 40 percent at carbon dioxide emission wavelength and 40 to 150 percent at water vapor emission
wavelength for hydrogen content increment from 10 to 20 and 20 to 30 percent in syngas mixture.
Furthermore, experimental data shows that spectral intensity increases almost 2 to 6 times as firing
input increases from 500 W to 1000 W at 250 W intervals for both oxy-syngas and oxy-methane
combustion.
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Chapter 1: Introduction and Background
Fossil fuels have played significant role in power production in worldwide due to their
abundance, cost effectiveness, and high energy content per unit mass. However, enormous amount
of greenhouse gas emissions and their adverse impact on the environment have brought fossil fuel
energy conversion by means of combustion to a questionable position. And the largest contribution
in greenhouse gas is carbon dioxide (CO2). Carbon dioxide capture and storage (CCS) is one of
the main focuses of this thesis, can be considered as one of the options for reducing the emissions
from the world. Burning of fossil fuels, in large combustion unit such as power generation plants
and in smaller unit such as furnaces are used for residential and commercial purposes. Some
industrial and resource extraction processes, as well as burning the forest for land are also big
reasons for CO2 emissions.
The primary focus of this experimental study is to investigate the spectral radiation
emission of premixed oxy-methane and oxy-syngas combustion flames. Radiative heat transfer is
the most common energy transfer phenomenon happening every day around this world for power
production. Radiative transfer is very important for different types of natural and man-made
processes, such as energy transport in forests, ocean, wild fires, solar collectors, industrial
furnaces, internal combustion engines, material processing and many more.
Conventional combustion utilizes air as an oxidant which produces negligible radiative
heat transfers due to the low emissivity of the highly N2 diluted flue gases. Oxy-fuel’s flue gases
are mainly composed of radiating species CO2 and H2O which greatly affect the radiation heat
transfer properties of the flame, making them strong enough to be of concern when designing a
combustor, furnace or boiler. Many studies have been conducted earlier in oxy-fuel fired boiler
and from those it can be found that the flame with 27% O2 diluted with CO2 has a similar behavior
as in air only difference is an increase in radiative heat flux which can be up to 30% [1]. In previous
studies it has been concluded that the increase of radiative heat transfer in oxy-fuel combustion
can be attributed to the inflame soot volume fraction [2, 3].
1

To accomplish an improved design of experimental and industrialized applications, a detail
investigation on absorption, emission and scattering of electromagnetic waves by substance is
necessary. These three major phenomena must be studied carefully, for detailed understanding of
radiative heat transfer. This study of spectral radiation is vital since heat transfer characteristics of
oxy-combustion flames may be different particularly due to their higher concentrations of CO2
and water compared to air-fired flames. This information is necessary for combustion system
designing.
There are two types of disposal being defined [4]:


Sequestration: Carbon sequestration indicates the capture of CO2 from combustion process
and after that a permanent removal of the CO2. The sequestrated CO2 can be used to
recirculate as diluent and to control the temperatures in the combustion process.



Storage: Carbon dioxide storage implies the disposal of the CO2 for a significant time
period after the capture from combustion process. The available storage options are the
injection into deep saline aquifers, coal beds, injection into depleted oil reservoirs to
conduct enhanced oil recovery etc.

1.1

Carbon dioxide (CO2) Capture and Storage (CCS)
Carbon dioxide (CO2) capture and storage (CCS) process includes the separation of CO2

from different types of chemical process those produce CO2 (for example, different industries,
power plants or other energy related sources), and after the separation, transport to a long term
isolated storage location in geological formations and in the ocean [5]. Also captured CO2 can be
applied to some large point sources. Large point sources of CO2 are major CO2 emitting
industries, large fossil fuel or biomass energy plants, natural gas production plant, hydrogen
production plant and also many others industries. Those CO2 would be compressed and conveyed
for the industrial use. The net reduction of emission from the air through CCS be influenced by
the amount of CO2 captured, loss of the overall efficiency of the plants or industrial process
2

because of the extra power required for the separation, transportation and storage. Present
technology is able to capture 85-95% of CO2. To equip with CCS, a plant need roughly 10-40%
more energy than a plant produce same output without CCS, mostly for the capture and
compression. There are different methods for the separation of CO2 [5]. The concentration of CO2
in the gas stream, the pressure of the gas stream and the fuel type, plays very important role in
selection of the capture system. Also many technologies for the storage of CO2 has been developed
by the oil and gas industries, are proven as economically achievable method under some specific
conditions for oil and gas fields and saline formation, but not feasible for the storage in unminable
coal beds yet. There are some local health, safety and environmental risks of CCS. Experiments
showed high density of CO2 would cause mortality of ocean organisms. Net CO2 emissions
reduction technology includes [5]:
•

Reduction of energy consumption by increasing the efficiency of energy conversion

and/or utilization.
•

Substituting to other fuels which are less carbon intensive, like natural gas instead

•

The use of renewable energy sources or nuclear energy because these emits less

•

CO2 capture and storage.

•

Sequestration of CO2 by increasing captivation capability of forests and soils.

of coal.

CO2.

There are different innovative ways to achieve CCS in combustion system. Most of these
methods has been investigated and can be found in this section. Currently for capturing CO2 from
burning of fossil fuels or other biomass fuels, there are four basic systems. Those are:
1. Capture from industrial process stream
2. Post-combustion capture
3. Oxy-fuel combustion
4. Pre-combustion capture

3

1.1.1 Capture from industrial process stream
From industrial process streams CO2 has been captured for around 80 years, but because
of no requirements to store of the CO2, almost all captured CO2 is emitted to the atmosphere [5].
Those emitted CO2 could be captured from these stream by using same techniques used for postcombustion capture, oxy-fuel combustion and pre-combustion capture. And there are many
engineering and industrial applications to capture CO2 from processing stream. Current examples
are purification of natural gas, and production of hydrogen containing synthesis gas for alcohol
production, ammonia production and synthetic liquid fuel production. Other industrial process
containing processing stream and have good opportunity to capture CO2 in large scale are cement,
steel production, and fermentation processes for food and drinks. Also this is a low cost process
than other systems. But the total amount of CO2 captured from those process is not significant
enough in term of the scale of climate change challenge.
Some of the technologies for carbon capture and sequestration include membrane
separation, chemical looping combustion, carbonation-calcination cycles, and enzyme-based
systems among others. Some of these technology concepts claim to have 100% CO2 capture
including pressurization to 100 bar [6]. The AZEP is an efficient and cost-effective process that
utilizes a combination of a mixed conducting membrane reactor and a conventional gas turbine
based combined cycle. The chemical looping combustion is one of the most recent ways in which
fuel is oxidized in order to produce useful energy, however; combustion has been studied
extensively and adequate resources are needed in order to make chemical looping a competitive
technology.
The separation of CO2 at high temperatures is being studied since it would lead to lower
energy penalties in the separation step [6]. The implementation of these technologies depends
mainly on the economic feasibility and efficiency of the system. Other factors are also taken into
consideration such as retrofit possibilities, local circumstances, expected availability etc.
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1.1.2 Post-combustion capture
Power plants are the biggest source of carbon dioxide and the attempt take place to mitigate
these emissions known as CO2 capture and storage (CCS). To separate this CO2 from the exhaust
gas produced after combustion, a suitable chemical solvent usually used. This process is known as
post combustion capture. The post combustion capture unit can be considered as a retrofit or
additional part to the existing power plant. But this total process is quite simple. This process is
actually a simple process of chemical absorption of the flue gas. It contains an absorber where
CO2 is captured using a chemical solvent and a regenerator where the captured CO2 is released
from the solvent. Amine is the most popular solvent used in this system. Figure 1.1 shows a general
schematic of an amine base absorption process of CO2 capture. This process utilizes various
alkylamines or amines, to remove H2S and CO2 from a gaseous solution. The most used solvents
for this process include alkanolamines which are used in the form of aqueous solution. The amines
used for this process can be divided into two main categories: chemical and physical solvents. The
chemical solvents are used when the flue gas has low/moderate CO2 content with partial pressure
while the physical solvents are used for high pressure gas streams. This process has received wide
attention due to the possibility of mixing different types of amine solutions in order to attain
process advantage over the single amine process. The system consists of two main components:
an absorber which will remove the CO2 from the flue gas and a regenerator where the CO2 will be
released and the original solvent will be recovered [7]. In order to recover the CO2 from the
absorber heat needs to be applied to it which is usually leached from the power system resulting
in decreased efficiency; also additional power will be drawn in order to pressurize CO2 for
transport.

5

Figure 1.1: Schematic of an amine based CO2 capture system and other emission controls [5, 8].
Key parameters of CO2 absorption system are [5]:


Flue gas flow rate- which is necessary to determine the size of the absorber



CO2 content in flue gas- when flue gas are in atmospheric pressure, the partial
pressure of CO2 will be low (3-15 kpa). This pressure is plays vital role to select a
solvent, and under this low pressure aqueous amines are the most suitable
absorption solvents.



Solvent flow rate- this will determine the size of the most equipment other than
absorber.



CO2 removal- usually CO2 recaptures are between 80-95%. A higher recovery will
need a taller absorption column and higher energy penalties.



Energy requirements- energy is required to regenerate the solvents, to compress the
CO2 in desire pressure for transport and storage, and also the electric energy will
be consumed by the liquid pumps and by flue gas blower or fan.



Cooling requirement



CO2 purity- 99.9%



CO2 pressure- 50KPa
6

There are some other post-combustion capture emerging technologies also used
commercially such as: using other solvents, high pressure membrane filtration and solid sorbents.
1.1.3 Oxy-fuel Combustion
Greenhouse gas emissions from energy production sector can be reduced by using of
alternative energy sources such as renewable energy sources or nuclear power. Until these sources
can consistently produce major amount of energy, the immediate energy demand is met by
conventional fossil fuel combustion. Several technologies has been developed for CO2 capture
and storage by using fossil fuel combustion. Oxy-fuel combustion is one of them. Many recent
assessments have compared oxy-fuel combustion technology with other CCS technology for CO2
capture cost. These studies indicate that oxy-fuel combustion is a favorable option [9].

Figure 1.2: Oxy-fuel combustion.
Oxy-fuel combustion uses pure oxygen instead of air for combustion which produces
mainly water vapor and CO2 [10]. The exhaust gas has higher concentration of CO2 which is
greater than 80% by volume [11]. For this combustion required oxygen separated from the air prior
7

to the combustion. This oxygen rich, nitrogen free results in final flue gases consisting mainly
water vapor and CO2, producing higher concentrated CO2 for easier separation and purification.
CO2 capture by using simple oxy-fuel combustion process can be seen from Figure 1.2.
Oxy-fuel combustion has potential to increase the efficiency of combustion systems due to
high temperatures as well as decreasing the components necessary for the carbon capture process.
Since the products of the oxy-combustion process are water and carbon dioxide, water can be
easily condensed and the remaining CO2 collected and sequestered.
Due to the presence of the high N2 concentration in air, conventional coal-fired boilers and
furnaces that use air produce a much diluted CO2 stream in the flue gases. Capturing process of
CO2 from such dilute mixtures using amine stripping is relatively expensive. There are many
characteristics of oxy-fuel combustion which are different from conventional air combustion in
many aspects including the followings [9]:


In order to create a similar adiabatic flame temperature like air combustion typically 30%
higher proportion of O2 of gases needs to pass through the burner, about 60% of the flue
gases is need to recirculate in an oxy-fuel process.



The products of oxy-fuel combustion are mainly CO2 and H2O and both of these gases
have higher gas emissivity. When both of these gases present combined in the combustion
process in high proportion the radiative heat transfer properties will differ from
conventional combustion. This will affect the overall combustion system such s flame
temperature, combustion chamber materials. So that the same amount of radiative heat
transfer to oxy-fuel combustion can be achieved when the percentage of O2 of the gases
passing through the burner is less than 30%.



The volume of the flue gas can be reduced by 80% by the recirculation of the flue gas.



There is flue gas with higher density.



In oxy-fuel combustion 3%-5% excess O2 are necessary to obtain stoichiometric
combustion.
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Due to the flue gases being recycled, in case of air combustion corrosive species
concentrations will be increased if not removed prior to recycling.



Oxy-fuel combustion is a less efficient process because of the power needs to run air
separation units, CO2 separation process and other additional equipment needed in order
to make oxy-fuel combustion happen.
Oxy-fuel combustion has been investigated in many other available technologies including

boilers which would produce CO2 rich flue gas ready for sequestration. Other studies include the
investigation of oxy-fuel combustion in oil and gas fired power plants. In metal heating furnaces
it was proposed to use coal-fired oxy-fuel combustion to recycle the flue gas which would result
in a reduction in the furnace size and the NOx emissions [9].
Because of the presence of stoichiometric Oxygen in combustion, there is extremely high
temperature produced after the combustion process. In order to lower this extremely high
temperature, a portion of CO2 stream is recirculated and work as a diluent. And this will cause a
big differences on the combustion characteristics. Radiative heat transfer will play a more
important role in oxy-fuel combustion process compared to conventional air combustion process,
because of this high temperature and the high concentration of CO2 in flue gas. It will increase the
radiative wall heat fluxes and higher wall temperature, which are the critical parameters for
combustion chamber design. Combustor’s lifetime depends on the properties of the material of the
combustion chamber. So it is really important to give more attention to the radiative heat transfer
for the design of the combustion chamber [1].
Due to low emissivity of high amount of N2 diluted flue gases, there is negligible radiative
heat transfer in conventional air combustion. On the other hand, in oxy-fuel combustion, flue gases
are mainly composed of radiating species CO2 and H2O and, these species greatly affect the
radiative heat transfer properties which is a big concern in designing combustion system
(combustor/furnace/boiler). Ditaranto et al. conducted a research in oxy-fuel combustion by using
propane as fuel and the experimental results showed that the flame with 27% O2 diluted with CO2
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presented similar results as air combustion except with an increase of radiative heat flux up to 30%
[1]. The fuel’s partiality to produce soot has a great influence on radiation emission of a flame.
Although Soot generation affects the increase of the radiative heat transfer in case of oxyfuel combustion, it is also significant to give attention to the product after the combustion process
as well. In order to predict the radiative heat fluxes of oxyfuel combustion flames accurately the
properties of those products should be considered carefully. Since the absorptivity plays an
important role for the major species produces from oxy-fuel combustion, Spectral radiation models
are required in order to calculate the heat fluxes precisely [12].
1.1.4 Pre-combustion capture
Pre-combustion capture refers to separating CO2 from fuels before combustion is
accomplished [10]. This process typically contains a first stage reaction to produce a mixture of
hydrogen and carbon monoxide from the primary fuel.

Figure 1.3: Pre-combustion capture process [13].
There are two main ways for this reaction. One of them is to add steam (reaction 1) with
the primary fuel, known as steam reforming. And another one is to add oxygen, which is often
called as partial oxidation (Reaction 2) [5].
10

Steam reforming:
CxHy + xH2O ↔ xCO + (x+y/2)H2

ΔH +ve

(1)

ΔH –ve

(2)

Partial Oxidation:
CxHy + x/2O2 ↔ xCO + (y/2)H2

After that there is another reaction called Shift reaction, to convert CO to CO2 by adding
steam (Reaction 3).
Shift Reaction:
CO + H2O ↔ CO2 + H2

ΔH -41 kJ mol-1

(3)

Finally, the CO2 is separated from the fuel. The concentration of CO2 after reaction 3 to
the CO2/H2 separating stage can be in the range of 15-50% and the pressure is typically 2-7 MPa.
Figure 1.3 is showing a simple process of pre-combustion capture process.
Pre-combustion capture aims to remove as much CO2 as possible before combustion takes
place. The most promising technology for pre-combustion capture is the integrated gasification
combine cycle (IGCC). This process involves the decomposition into its most basic chemical
constituents of coal or any carbon based fuel being fed by means of a thermo-chemical reaction.
With IGCC coal is first gasified into synthesis gas, which is composed mainly of CO, H2 and CO2,
in the presence of oxygen. The resulting gas is then mixed with steam and sent to a shift converter
where the CO from syngas gets converted into CO2 and additional H2 by the water gas shift reaction
(CO + H2O -> CO2 + H2). The CO2 is the separated from H2 and sent along with steam or N2 to the
combustion turbine. The flue gas acquired from the combustion turbine is the used to generate
more steam for the water gas shift reaction process to take place [14]. There have been calculations
that show IGCC has promising process economics and plant efficiency characteristics [4]. The
downside of this technology lies in the high capital cost associated with the plant’s construction.
It has also been determined that they are much more complicated systems than suspension-fired
boilers [15].Due to their increased complexity and high capital costs associated with construction
IGCC plants are scarce and are not viable for retrofit existing power plants.
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1.2

Spectral Radiation
Radiative transfer is the most common energy transport phenomenon around this world.

Radiation can be seen or sensed in the surroundings as light or heat. Radiative transport is very
important in several natural and human made processes, including energy transport in oceans,
Solar collector, internal combustion engines, spacecraft, industrial furnaces, material processing
etc [16].
Because of the high temperature involvement in combustion process, radiation becomes an
important heat transfer mechanism in designing of many combustion equipment including
industrial furnaces, internal combustion engines, combustion of liquid and solid propellants, small
and large scale flames, and exhaust plumes of solid and liquid rockets [17]. Every combustion
produces some infrared active species such as CO2, CO and H2O being responsible for nonluminous radiation. These gases do not distribute radiation in significant amount, but they do
absorb and emit radiative energy strongly. So, the deviation of radiative properties with the
electromagnetic spectrum must be considered [18]. The two main byproducts produced in oxyfuel combustion are CO2 and H2O, which strongly emits in the infrared region at 2 and 4.4 µm
ranges for CO2 and 1.4, and 1.8 µm ranges for H2O with an overlap in the 2.7 µm range [19-22].
In a gas turbine the banded spectra from H2O and CO2 reach its strongest heat transfer emission at
temperatures of up to 3000 K. At higher temperatures these two byproducts are worn-out by
dissociation leaving CO with the strongest banded spectra [23]. It has been found that, compared
to turbulent premixed methane air flames the flame is about 1.6 times stronger due to the high
concentrations of CO2 in the combustion process [24, 25]. The radiation emissions of the flame
are greatly influenced by the fuel’s propensity to produce soot. In previous studies it has been
concluded that the increase of radiative heat transfer in oxy-fuel combustion can be attributed to
the inflame soot volume fraction [3].
Researchers have proposed several ways to minimize radiation generated in gas-turbine
combustion chambers. One of the proposed ways lies in the design of the flame tube and the fuel
injector. These two components should be designed as to keep the primary combustion zone fuel
12

weak in order to keep the fuel rich zones generated by the high pressure from developing [23]. The
present study corroborates this claim by looking at the behavior of the radiative heat release factor
decrease at low equivalence ratios and increase at higher equivalence ratios. This would mean that
at oxy-syngas conditions fuel rich regions should be avoided while fuel lean mixtures would work
to reduce the radiative heat release rate.
In many different conditions many research has been conducted on air and oxy combustion
for different types of fuels [26-32]. Some of these research focused on the numerical analysis and
some of these focused on experimental measurements of oxy-fuel combustion and its fundamental
characteristics. Kobayashi et al. experimented with highly diluted CO2 Oxy-syngas turbulent flame
in high pressure environment [24] and the experimental results of this study showed that high
concentration of CO2 cause an increase in spectral radiation intensity. Wang et al. investigated the
laminar burning velocities and flame characteristics of oxy-syngas CO2 diluted mixtures [25] and
main outcomes include the characteristics of laminar flame speed with a variation in the amount
of CO2, radiation heat loss of oxy-syngas flames is determined to be much stronger than syngasair due to the presence of the higher amount of CO2 in the flame among other CO2 related effects
in the combustion.
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Chapter 2: Experimental Approach and Methodology
2.1

Experimental Approach
The burners with high aspect ratio and used to produce flat premixed flame known as flat

flame burner. For this study Mckenna burners have been used to develop the flat flame (shown in
Fig.8). This burner are extensively used in the combustion systems for generating flat premixed
flame. The flame is considered as one-dimensional and assumed to be a standard, at least under
lean and close-to-stoichiometric conditions [33]. The burner is used in many research laboratories
around the world for the improvement and standardization of optical diagnostic techniques [3337].
Holthuis and Associate’s “Flat-Flame Burner” is the “laboratory-standard” worldwide for
combustion studies. It has been known as the “McKenna flat flame burner” for the last quarter
century [38]. The standard Holthuis and Associate’s Flat-Flame Burner is constructed of a stainless
steel housing within a main-body. A fluid cooled 6-cm-diameter burner plug made up of a sintered
bronze matrix Pressed into the housing. The housing unit is then screwed into the main-body and
a flanged mounted sintered porous bronze shroud ring is fixed over the housing onto the mainbody. The user’s fuel mixture (consisting of pre-mixed oxidizer and fuel) is introduced through a
0” compression fitting into the bottom of the housing and distributed evenly through the sintered
matrix plug cross section. Any pressure surge in the fuel flow is normalized in the cavity located
below the sintered plug within the housing. Likewise the concentric shroud ring inert gas 0”
compression fitting into the main-body insures a dampened smooth flowing shielding of the flame
from the outside environment and stabilizes the flame above the sintered plug. A cooling circuit
within the plug matrix is embedded during the sintering process. It consists of an equally spaced
helix of 1/8” metal tubing planar to the plug surface, thereby any radial temperature gradient is
minimized. The cooling of the plug further prevents flash back from occurring.
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Figure 2.1: Flat Flame Burner[38].
A water circulating pump has been used to cool the burner. Some needle valves used to
regulate the flow rate of gases and some shutoff valves has been used to turn on and off of the flow
of the gases.
A bank of digital volumetric flow meters Omega FMA 1700/1800 series, shown in Figure
2.2 are used to measure the mass flow rate of the gas traveling through the tube. The temperature
range for these flow meters is from zero degree Celsius to 50 degree Celsius. Maximum pressure
this flow meter can withstand is 500 psig, relative gas humidity is up to 70% and an accuracy of
±1.5% of the full scale [39].
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Figure 2.2: Digital Volumetric Flowmeter.
The flow meters used were selected according to the maximum volumetric flow rate that
would be needed in order to operate within the validated range. Before experimentation flow
meters were calibrated using a Dry Cal DC Lite laser based calibrator shown in Figure 2.3.

Figure 2.3: Dry Cal DC Lite laser based calibrator.
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This type of calibrator has been used to calibrate the Mass Flow Meters to get accurate
mass flow rate of the gas [40]. The flow meters used for the experiments are calibrated based on
N2 so a calibration is required to adjust for the actual flow of the used gas. The stream of gas
entering the flow meter is split by re-directing a small sample of the gas through a capillary
stainless steel sensor tube. The geometry of the primary and the capillary tubes are shaped as to
have a laminar flow throughout the sensor. According to principles of fluid dynamics the flow
rates through both tubes is proportional to each other.
In order to sense the flow through the sensor tube, heat flux is introduced by means of a
heating coil. The heat is transferred through the sensor wall to the fluid flow. As the gas flows it
carries heat from an upstream coil to a downstream coil. The resultant temperature dependent
resistance differential is detected by the control unit. The measured gradient is then proportional
to the instantaneous rate of flow taking place.
In order to acquire the true flow rates through the flow meters, a table of calibrated
constants were used which was provided by the manufacturer. The flow of the desired gas should
be adjusted so that the value acquired through calculations is first divided by the provided constant
and then shown in the calibrator. The value shown by the flow meter would become the calibrated
value. When trying to calibrate displayed flow rates into actual flow rates, one should first multiply
the value times the provided constant and adjust the flow so that this value shows in the flow meter.
The value displayed by the calibrator would then become the actual flow rate of the gas flowing
through the flow meter.
Two Plano convex lenses has been used to focus the flame into the monochromator. The
positioning of these lenses is presented in Figure 2.12. Lense position is very important, the
positioning should be accurate to get the more accurate experimental data.
To transmit the radiation from burner a CornerstoneTM 260 ¼ M Monochromator has been
used which is shown in Figure 2.4. A monocromator is an optical device that transmits a
mechanically selectable narrow band of wavelengths of light or other radiation chosen from a
wider range of wavelengths available at the input. The Oriel Cornerstone 260 1/4 m
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Monochromators is fully automated, multi-grating instruments with dual output ports and
exceptional optical performance [41]. The optical design of the Cornerstone 260 is based upon an
asymmetrical in-plane version of a Czerny-Turner monochromator. The optical configuration is
designed to ensure high resolution and maximum throughput. A high precision motor is used to
select the desired wavelength and switch between diffraction gratings quickly, without sacrificing
performance.

Figure 2.4: CornerstoneTM 260 ¼ M Monochromator.
To measure the spectral radiation intensity a radiometer has been used which is known as
MerlinTM Radiometry System. This unit shown in Figure 2.5 was designed to provide all the
necessary functions needed for phase sensitive detection of low level light signals, or Lock-In
Amplification, utilizing state of the art digital signal processing techniques.
A basic Merlin™ System consists of a chopper, a detector head and the Merlin™ control
and processing unit [42]. The chopper modulates the radiation to be measured. The detector head
senses the chopped radiation and the zero level as the blade blocks the beam. The Merlin™ control
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unit drives the chopper and acts as a lock-in amplifier to retrieve the signal and ignore detector
signal from un-chopped radiation. Merlin™ computes the signal value using any previously input
calibration data. The signal value is displayed in appropriate units.

Figure 2.5: MerlinTM Radiometry System.
Merlin (Radiometry System) manual was followed for the merlin parameter settings.
However, several changes were made in settings according to the electronic instrumentation setup
such as optical chopper frequency synchronization. Moreover, units, graph, data readout was
modified as experiment required. The computer code is written in Qbasic programming language
shown in Figure 2.6. This code can be modified according to the requirements.
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Figure 2.6: Computer Code in Qbasic Programing Language
An optical chopper shown in Figure 2.7 has been placed just infront of the mnocromator,
which is a device which periodically interrupts a light beam. The optical chopper is normally used
in combination with lock in amplifiers. The chopper is used to modulate the intensity of a light
beam, and the lock-in amplifier is used to improve the signal-to-noise ratio.
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Figure 2.7: Optical Chopper.

A cooled PbSe Detector was used to detect the radiation coming from the burner which is
shown in Figure 2.8. This detector can detect the Spectral Radiations which are within 0 to 5µm
wavelength. The Lead Selenide Photoconductive Detector convert infrared radiation into an
electrical signal which can be measured in volts.

Figure 2.8: Cooled PbSe Detector.
To control the temperature of the Lead Selenide (PbSe) detector, Temperature Controller
Oriel Model 77055 (Figure 2.9) was used. This detector can detect the spectral radiation from 0 to
5 µm wavelengths.
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Figure 2.9: Temperature Controller of PbSe Dtector.
To get the data from merlin a computer has been used. For this porpose, at first needed to
input the computer code written in QBASIC programming language into the computer. This code
came with the merlin.
There are two portions in this experimental study; Development of premixed Oxy-fuel
flame and Measurement of spectral radiation. To develop the flame, flat flame burner will be used.
The Schematic Diagram of Experimental Set Up of Combustion Part can be seen in Figure 2.10.
The flat flame burner is 60 mm in diameter and consists of inlets for the fuel- oxidizer mixture,
shrouding gas, and an outlet for coolant. Research grade fuel, oxidants and diluents are delivered
to the burner from pressurized tanks. Shutoff and needle valves are used to regulate the flow and
achieve the desired compositions. A bank of digital volumetric flow meters is used to measure the
fuel, oxidizer and diluents flow rates. The flow meters used were selected according to the
maximum volumetric flow rate that would be needed in order to be operating within the validated
range. Before experimentation the flow meters were calibrated using a Dry Cal DC Lite laser based
calibrator.
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Figure 2.10: Schematic Diagram of Experimental Set Up of Combustion Part.

Figure 2.11: Experimental Set Up of Data Mesurment part.
Two Plano-convex lenses are used to focus the light and completely fill the
monochromator’s acceptance cone area (Figure 2.12). A chopper (beam interrupter) is positioned
in front of the Monochromator slit to chop the focused light at the desired frequency. A cooled
PbSe detector is attached at the end of the Monochromator with a wavelength detection range of
0 to 5 m. Spectral radiation measurements are taken from 1.2 to 5.0 μm using a PbSe detector
and a Merlin radiometry system. The radiation data is recorded in the computer from the Merlin
radiometry system by using a RS232 cable.
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Figure 2.12: Lense Position

Figure 2.13: Experimental Set Up.
The digital spectral radiation data will be recorded in the computer using merlin data
recording code written in Qbasic programming language code shown in Figure 2.12. Figure 2.13
is showing the total experimental set up for this study.
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2.2

Experimental Methodology
In many oxy-fuel combustion systems diluents are added into the fuel or oxidizer stream

in order to reduce flame temperatures which are significantly higher for flames burning in pure
oxygen. In some systems the dried exhaust stream, which is primarily CO2, is recycled back with
the oxidizer stream to help reduce temperatures. It is therefore important to characterize the amount
of recirculate flue gas needed to achieve the desired flame temperatures and stability. For this
paper the term recirculation ratio (RR) is defined as the mass fraction of CO2 in the oxidizer stream.
RR CO2 =

ṁCO2
ṁO2 +ṁCO2

Other variables presented in this paper include the flame firing input which was calculated
using the lower heating value of the fuel, LHVfuel multiplied by the mass flowrate of the fuel ṁfuel.
For the calculations, the equivalence ratio was defined as equation:
(𝑂⁄𝐹 )𝑠𝑡𝑜𝑖𝑐
𝜑=
(𝑂⁄𝐹 )𝑎𝑐𝑡𝑢𝑎𝑙

The spectral radiative intensity, I defined as the spectral radiative energy rate at time t, per
unit projection area along the path, per solid angle and within a small wavelength [16]. Spectral
radiation intensity will be calculated from acquired data. Spectral intensity is defined as:
𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐹𝑙𝑜𝑤

Spectral Radiation Intensity = 𝑇𝑖𝑚𝑒×𝐴𝑟𝑒𝑎 𝑁𝑜𝑟𝑚𝑎𝑙 𝑡𝑜 𝑅𝑎𝑦𝑠×𝑆𝑜𝑙𝑖𝑑 𝐴𝑛𝑔𝑙𝑒×𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ

Since, Radiative Power =

𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐹𝑙𝑜𝑤
𝑇𝑖𝑚𝑒

𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑃𝑜𝑤𝑒𝑟

Spectral Radiation Intensity = 𝐴𝑟𝑒𝑎 𝑁𝑜𝑟𝑚𝑎𝑙 𝑡𝑜 𝑅𝑎𝑦𝑠×𝑆𝑜𝑙𝑖𝑑 𝐴𝑛𝑔𝑙𝑒×𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
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Figure 2.13: Solid Angle.
Radiative power will be directly acquired from the experiment at particular wavelength.
Merlin radiometry system can acquire radiative power directly from the detector. Area normal to
rays will be calculated from flame structure. Flat flame burner creates one dimensional flat flame.
For calculation simplicity the area normal to rays is assumed rectangular shape. A digital SLR
camera will be used to take picture of the flame. Then the dimension of the flame will be measured
using computer software (Adobe Photoshop). Solid angle is defined as:
Ω=

𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑛𝑜𝑟𝑚𝑎𝑙 𝑡𝑜 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑛𝑑 𝑜𝑏𝑗𝑒𝑐𝑡 𝑝𝑜𝑖𝑛𝑡 ×𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑜𝑖𝑛𝑡 𝑎𝑛𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

Figure 2.14: Area Normal to rays.
“Small surface viewed from relatively large distance can approximately be treated as
differential areas in solid angle calculation” [43]. That’s why for this experimental study, above
equation can be simplified as following:
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

Ω = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑜𝑖𝑛𝑡 𝑎𝑛𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
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Finally spectral intensity will be plotted in terms of wavelength.
The primary interest of this project is to calculate spectral radiation intensity from 0 to 5µm
range. Extensive literature review has been done to find out emissions wavelength for H2O as well
as CO2. It is found in the literature that CO2 emits radiation approximately at 2 µm, 2.7 µm, and
4.3 µm as well as near to those wavelengths. On the other hand, H2O emits radiation approximately
at 1.40 µm, 1.79 µm and 2 µm as well as near to those wavelengths [4]. Experiment will be
conducted in 1.40 µm, 1.79 µm, 2 µm, 2.7 µm, and 4.3 µm ranges. It is expected that experiment
will show high radiation intensity at carbon di oxide radiation wavelengths especially in 4.3 µm
and around that wavelength [21].
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Chapter 3: Results and Discussion
For this experimental study, spectral intensity is measured and plotted with respect to
wavelength for premixed oxy-syngas as well as oxy-methane flames to investigate the spectral
radiation emission. It is found that CO2 and water vapor emit radiation levels at 2μm, 4.38 μm
wavelength and 1.38 μm, 1.85 μm, wavelength range respectively. Furthermore, there is an
overlapping of CO2 and H2O emission wavelength at 2.71 μm. Spectral radiation emissions for air
combustion are measured at constant firing inputs and equivalence ratios for syngas and methane
to compare it with the oxy-combustion flame. Furthermore, experiments are conducted varying
hydrogen percentage in the syngas mixture to inspect the effect of hydrogen content on the spectral
radiation. Data are recorded varying firing input, equivalence ratio, and recirculation ratio for both
oxy-syngas and oxy-methane.
3.1

Comparison between Oxy-Combustion and Air-Combustion Flames
To assess the spectral intensity of oxy-fuel combustion and air-fuel combustion, radiation

data are recorded from 1.2 μm to 5 μm wavelengths at constant equivalence ratio 1.0 and constant
firing input at 500 W stoichiometric combustion conditions. It is known from the literature review
that, in oxy-fuel combustion, products are dominated by CO2 and H2O; where in air combustion,
combustion products are dominated by NOx gases due to the higher concentration of the nitrogen
in air [9]. A similar trend can be seen from Figure 3.1. This figure is showing the comparison
between oxy-combustion and air-combustion for syngas (CO + H2) and CH4. It can be seen from
the graph that oxy-combustion emits significantly higher radiation than conventional aircombustion in the CO2 and H2O spectral radiation band.
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Figure 3.1: Spectral Intensity of Oxy-Fuel and Air-Fuel Combustion at φ=1.0 and F.I. =500 W
3.2

Effect of H2 Content in Syngas
Figures 3.2, 3.3 and 3.4 demonstrate the effect of hydrogen content in spectral radiation

measurement for oxy-syngas combustion. For this set of experiments, radiation data are collected
at a 500 W firing input varying equivalence ratios between 0.8, 1.0, and 1.5 as well as varying
hydrogen content in the syngas mixture between 10, 20, and 30%. Increasing the amount of
hydrogen results in a lesser amount of CO in the syngas mixture. Experimental studies show that,
spectral intensity at 2.71μm increases as hydrogen content increases for all three cases; this
wavelength demonstrates the overlapping of CO2 and H2O emission. Nevertheless, spectral
intensity remains almost constant at 1.96 μm and 4.38 μm which are CO2 emission wavelengths
as well as 1.38 μm and 1.85 μm which are H2O emission wavelengths. Thus, it can be concluded
that a change in hydrogen content in syngas affects mostly the 2.71 μm wavelength spectral
radiation.
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Figure 3.2: Effect of Hydrogen Content in Oxy-Syngas Combustion at φ =0.8 and F.I=500 W

Figure 3.3: Effect of Hydrogen Content in Oxy-Syngas Combustion at φ =1 and F.I=500 W
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Figure 3.4: Effect of Hydrogen Content in Oxy-Syngas Combustion at φ =1.5 and F.I=500 W
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Figure 3.5: Effect of Hydrogen Content in Temperature in Oxy-Syngas
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35

H2 content in oxy syngas combustion also affects the flame temperature of combustion
system. Figure 3.5 is representing the effect of H2 content in temperature. These data are gained
by using NASA CEA (Chemical Equilibrium with applications) computer program. It seems from
this plot that with the increment of H2 content in combustion system flame temperature also
increase.
3.3

Effect of Equivalence Ratio on Spectral Radiation
The effect of equivalence ratio on spectral radiation for premixed oxy-syngas and oxy-

methane at a constant firing input is presented in this section. For this particular set of studies,
firing input is kept constant at 500 W and equivalence ratio is set to 0.8,0.9,1.0 and 1.5.
Furthermore, no extra CO2 is recirculated during the combustion process.

Figure 3.6: Effect of Equivalence Ratio in Oxy-Syngas Combustion at F.I=500 W
It can be seen from Figure 3.5 and 3.6 that spectral intensity for oxy-syngas combustion
increases at 2.71 μm as equivalence ratio increases, however, spectral intensity marginally
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decreases at 4.38 μm as equivalence ratio increases. On the other hand, for oxy-methane
combustion, overall spectral intensity decreases as the equivalence ratio increases.

Figure 3.7: Effect of Equivalence Ratio in Oxy-Methane Combustion at F.I=500 W
Moreover, for oxy-syngas combustion, the change in equivalence ratio affects on radiation
at 2.71 μm and 4.38 μm; on the contrary for oxy-methane combustion, change in equivalnce ratio
affects the whole spectrum from 1.2 μm to 5 μm.
By using the NASA CEA computer program, flame temperatures also gained by varying
equivalnce ratio for both Oxy-syngas ang Oxy-methane combustion. And figure 3.8 represnting
the results got from the simulation. From this plot it is clear that flame temperature increases with
the increase of equivalence ratio until it reaches the stocheometric condition. After the
stocheometric condition with the increase of equivalence ratio the flame temperature decreases.
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Temperature vs Equivalence Ratio
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Figure 3.8: Effect of Equivalence Ratio in Temperature.
From this graph it is also clear that Oxy-methane combustion flame temperature is higher
than the Oxy-syngas combustion flame.
3.4

Effect of Firing Input on Spectral Radiation
To investigate the effect of firing input on spectral radiation, spectral intensity is plotted

with respect to wavelength. Figures 3.7 and 3.8 demonstrate the effect of firing Input on spectral
radiation for oxy-syngas combustion. For this particular experiment, the equivalence ratio is kept
constant at 1 and firing input is varied between 500 W, 750 W, and 1000 W. The results shows
that spectral intensity at CO2 as well as H2O wavelengths increase as the firing input increases for
both oxy-syngas and oxy-methane combustion. Moreover, spectral radiation increases at the
highest wavelengths corresponding to 2.71 μm. This can be explained by the presence of
increasing amounts of CO2 and H2O due to the increment of firing input. Nevertheless, oxy-syngas
displays more overall radiation than oxy-methane combustion.
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Figure 3.9: Effect of Firing Input in Oxy-Syngas Combustion at F.I=500 W

Figure 3.10: Effect of Firing Input in Oxy-Methane Combustion at F.I=500 W
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Theoretically the flame temperatures are equal for the variation of flow rate of input. So
there should not be any change because of the change in firing input in combustion system.
3.5

Effect of Recirculation Ratio on Spectral Radiation
For this section the spectral radiation data is measured at a stoichiometric combustion

condition while varying CO2 recirculation ratio at 500 W firing inputs; furthermore, experimental
data is compared with premixed pure oxy-syngas and oxy-methane. Figure 3.9 and 3.10 presenting
the behavior of the Oxy-syngas and Oxy methane combustion with the change of recirculation
ratio of CO2 respectively. The data has been calculated without recirculation ratio of CO2 and also
for 60%, 65% and 70% of recirculation of CO2. It is difficult to get the flat flame when the
recirculation of ratio of CO2 is lower than 60% and it is also difficult to get even the flame when
the recirculation of ratio of CO2 is higher than 70%.

Figure 3.11: Effect of Recirculation Ratio in Oxy-Syngas Combustion at F.I=500 W
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It can be seen from the plot that radiation increases significantly at CO2 emission
wavelengths as CO2 recirculation ratio increases. Furthermore, radiation increases at 2.71 μm with
the increment of RRCO2 which is the overlapping of CO2 and H2O emission wavelength; this
phenomenon can be explained by the increment of CO2 in the combustion process due to CO2
recirculation. The H2O radiation remained constant throughout the emission band.

Figure 3.12: Effect of Recirculation Ratio in Oxy-Methane Combustion at F.I=500 W
Also to see the effect of recirculation ratio of CO2 in flame temperature, by using the NASA
CEA flame temperature for both Oxy-syngas and Oxy-methane combustion also simulated and
plotted in figure 3.13. From this figure it can be seen that with the increase of recirculation ratio
of CO2 flame temperature decreases.
So, it can be concluded that when recirculation ratio of CO2 increase spectral radiation
increases but, flame temperature decreases.
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Temperature vs H2 content in Oxy-syngas combustion
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Figure 3.13: Effect of Recirculation Ratio in Temperature
It is also found from all of the experimental data and plot that oxy-syngas combustion
displays higher overall radiation and higher flame temperature than oxy-methane combustion.
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Chapter 4: Conclusion
The purpose of this experimental study is to demonstrate the spectral radiation behavior of
premixed oxy-syngas and oxy-methane combustion. To meet the purpose, relative comparison of
spectral radiation is conducted between oxy-syngas as well as oxy-methane with conventional aircombustion. Spectral radiation data for premixed oxy-syngas and oxy-methane combustion is
collected varying equivalence ratio, firing input and CO2 recirculation ratio.



It is observed from the experiment that oxy-combustion displays significantly
higher radiation than conventional air combustion for both syngas and methane
flames. And the radiation is higher for syngas flames than methane flames in both
air and oxy combustions.



Additionally, the effect of hydrogen content on spectral radiation emission is
measured for premixed oxy-syngas combustion at the stoichiometric condition.
This study shows that spectral radiation increases as the percentage of hydrogen
content increases in the syngas mixture.



It is detected that oxy-syngas and oxy-methane combustion display opposite trends
for change in the equivalence ratio. For oxy-syngas combustion spectral radiation
increases as the equivalence ratio increases, on the contrary, for oxy-methane
combustion equivalence ratio decreases as the equivalence increases.



Moreover, for oxy-syngas combustion radiation change occurs mostly at 2.71 μm.
Oxy-methane combustion radiation changes throughout the entire spectrum from
1.2 μm to 5 μm.



It is also determined from the experimental study that spectral radiation increases
with the increment of firing input for both oxy-syngas and oxy-methane
combustion.
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For CO2 recirculation ratio variation, it is observed that radiation significantly
increases at the CO2 emission wavelength as the recirculation ratio increases but
flame temperature decreases for both oxy-syngas and oxy-methane combustion.



Furthermore, it is also noted from the experimental study that oxy-syngas
combustion exhibits higher overall radiation than oxy-methane combustion.
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